The objective of this study was to estimate repeatabilities and heritabilities for measures of pig behavior and their relationship with performance. Measures of behavior and performance included the backtest, resident-intruder test, human approach test (HAT), novel object test (NOT), d 1 BW, backfat depth (BF), loin muscle area (LMA), ADG in the farrowing house, ADG, 21-d BW, and 140-d BW (W). Each behavioral trait was measured twice. The study consisted of 95 litters from 31 sires with an average of 3 litters per sire (n ≥ 457). Between 7 and 14 d of age, the backtest was conducted by placing each pig in a supine position for 60 s. Total time spent struggling (TTS) and total number of attempts to struggle (TAS) were recorded. The resident intruder test involved 2 nursery pigs, a resident pig and an unfamiliar intruder pig. The resident pen was divided in half by a solid partition. A resident pig was placed in the test area, and an intruder pig was then introduced. Latency until an attack occurred (LAT) and total number of attacks over 2 tests (RIS) were recorded. Amount of time taken for each finishing pig to make snout contact with an unfamiliar human or object was recorded. Dam and sire effects influenced all traits (P < 0.01). Sex and pen affected LAT, RIS, HAT, and NOT (P < 0.10). Repeatabilities of TTS, TAS, RIS, LAT, HAT, and NOT were 0.38, 0.21, 0.07, 0.08, 0.17, and 0.11, respectively. The phenotypic correlations of TTS with TAS and HAT with NOT were 0.61 and 0.34, respectively. Phenotypic correlation between RIS and LAT was −0.85. Total time spent struggling and TAS tended to be phenotypically correlated with 21-d BW and ADG in the farrowing house. Total attempts to struggle were phenotypically correlated with BF (0.15). Latency until an attack occurred was phenotypically correlated with LMA (0.23). Resident intruder score was phenotypically correlated with ADG (−0.13), W (−0.13), and LMA (−0.21) and estimated to be lowly heritable (h 2 = 0.12). Heritabilities of TTS and TAS were 0.31 and 0.53, respectively. Genetic correlation of TAS with ADG and W was 0.38. Genetic correlations of TTS with BF, W, and TAS were 0.14, 0.18, and 0.81, respectively. The backtest is a heritable and repeatable measure of a behavioral characteristic in pigs that is phenotypically and genetically correlated with performance.
INTRODUCTION
Pig well-being has received increased media attention in recent years. Most pigs in the United States are housed in uniform, confined conditions and selected based on performance. These conditions provide the physical and environmental necessities required for optimum performance. However, the effect of these conditions on pig behavior and the effect of pig behavior on performance is not well understood. Tests have now been developed to help quantify pig behavior and provide some insight into the well-being of the pigs. However, the extent to which these measures of behavior are genetically determined is unknown.
Many behavioral tests have been developed. Two widely used tests are the backtest and resident-intruder tests. Backtest is used as a measure of the ability of a pig to cope with what may be perceived as a stressful situation (Hessing et al., 1993) . Resident-intruder test is a measure of the aggressiveness of a pig toward other pigs (Erhard and Mendl, 1997) . Other tests included the human approach, novel object, social confrontation, and open door.
All tests have been performed on various lines of pigs with repeatabilities and correlations being estimated; however, results have been highly variable. Thus, an overall consensus on repeatabilities and correlations among the tests has not been reached. Perhaps the lack of a consensus on the relationship of behavior with performance is due to only 1 or 2 behavioral tests being conducted on a group of pigs. Published estimates of the variance and covariance relationships among behavioral tests are lacking at this time. These estimates are essential for determining if genetic selection for behavior could be used to improve performance and well-being. For this study pigs were subjected to the backtest, resident-intruder test, human approach test (HAT), and novel object test (NOT). The objective was to obtain repeatabilities and correlations among the behavior and performance traits, as well as provide heritability estimates.
MATERIALS AND METHODS
All animal procedures were consistent with the Guide for the Care and Use of Agriculture Animals in Agriculture Research and Teaching (FASS, 1999) .
Housing and Animals
The experiment was performed on pigs from 2 Landrace-Large White composite lines described previously by Holl and Robison (2003) and maintained at the North Carolina Department of Agriculture, Tidewater Research Station in Plymouth. The housing system was total confinement. Pigs were subjected to the backtest (n = 766), resident intruder test (n = 486), HAT (n = 457), and NOT (n = 457; Table 1 ). Pigs for all tests were sampled from 95 litters in which each litter had at least 1 representative with an average of 3 litters per sire (Table 1) . Sows farrowed in crates, and between 23 and 37 d of age pigs were weaned and transferred to the nursery. Nursery pens had nipple waters, self-feeders, and steel, tribar flooring. The original temperature in the nursery was 29.4°C and was gradually reduced each week until the temperature reached 21.1°C. At approximately 56 d of age, pigs were transferred to finishing pens and grouped 10 or 11 to a pen according to size and sex. Finishing pens were 2.43 × 3.03 m, and each pen contained a single 4-hole feeder with each hole measuring 25.4 cm wide. Pens had concrete, slatted floors, nipple waterers, and self-feeders. Temperature was kept between 16.7°C and 18.3°C.
Data Collection
Pigs were weighed at 1 (1DW) and approximately 21 d of age (21DW). Between 172 and 198 d of age, BW and ultrasound measurements of 10th-rib backfat depth (BF) and loin muscle area (LMA) were collected by a certified ultrasound technician.
Backtest
A backtest was performed as described by Hessing et al. (1993) . When pigs were between 7 and 14 d of age, the first backtest was performed. Each pig was placed gently onto its back and restrained in the supine position for 60 s. One hand was placed loosely over the head of the piglet, and the other placed loosely over the hind legs. Each time the piglet wriggled without pause was counted as one struggle attempt. If a pig continued to struggle at the end of the testing period, the period was extended until the end of that attempt. Total number of attempts to struggle (TAS) and duration of each struggle (TTS) were recorded (Cassady, 2007) . Each piglet was tested twice during the suckling period with a week between tests, and no test was performed on a pig less than 1 wk of age.
Resident Intruder
Pigs were allowed a minimum of 1 wk to acclimate to their nursery environment before being subjected to the resident intruder test. The first resident intruder test took place in the nursery when pigs were between 31 and 53 d of age and the second test when pigs were 38 to 60 d of age. Each test involved 2 pigs, a resident pig and an intruder pig from another litter. The resident pen was then divided in half by a solid partition. One pig, a resident, was placed in the test area, whereas the rest of the litter remained on the other side of the partition. During each test an intruder pig of the same sex and from a different litter was randomly selected, placed with the test subject, and the 3-min testing period began. The test continued until one pig attacked the other, or until 3 min expired (D'Eath, 2002) . If an attack occurred, pigs were immediately separated to prevent injury. Latency until an attack occurred (LAT) was recorded, and pigs that failed to attack were given a time of 3 min. When the first attack occurred, pigs Velie et al.
were separated immediately, and the test was terminated. Each pig was tested twice with a 1-wk interval between tests. Each intruder was used twice, unless it attacked the resident, in which case it was not used as an intruder again on that day. Resident intruder score (RIS) represented the cumulative number of attacks during the 2 tests with the possible scores being 0 for a pig that never attacked, 1 for a pig that attacked during one test but not the other, and 2 for a pig that attacked during both tests.
Human Approach/Novel Object
The HAT and NOT took place in the home pen of the pigs. The HAT was performed at approximately 150 d of age and the NOT at approximately 170 d of age. All pigs were present in the pen during testing. A human, who the pigs were unfamiliar with, entered the pen and stood motionless in the center of the pen, and the time taken for each individual pig to make snout contact with the human was recorded. In the NOT a 3.8-L, black, rubber bucket was suspended from the ceiling in the middle of the pen, and the time taken for each pig to make snout contact with the unfamiliar bucket was recorded. Each test was performed twice with no less than 1 wk between tests, and each test lasted for 5 min or until all pigs made contact with the human or object (van Erp-van der Kooij et al., 2002) . If no contact was made, the pig was given the maximum time of 5 min.
Statistical Analysis
Phenotypic Analysis. Pearson correlation coefficients were calculated for all variables. Repeatability was calculated as the proportional amount of variance due to the individual using the Proc Mixed procedure (SAS Inst. Inc., Cary, NC). The fixed effect for the backtest was sex. Fixed effects for the resident intruder test were sex and nursery pen. Fixed effects for HAT and NOT were sex and finishing pen. Pig was included as a random effect, and repeatability was estimated by dividing the variance due to the individual pig by the total variance. For the resident-intruder, there was a concern that the pigs may learn and respond differently when tested a second time.
Regression coefficients were estimated for the effects of BW on backfat and LMA, as well as the effect of age on 140-d BW. These regression coefficients were then used to adjust backfat and LMA to the average BW of the population, 110 kg. All subsequent analyses were conducted using adjusted values for backfat depth and LMA. To calculate the phenotypic relationships between behavior and performance traits, multivariate linear modeling (PROC GLM in SAS) was used. The model used to test behavior and performance traits included fixed effects of dam nested within sire and line, sire nested within line, and sex. Fixed effects of nursery pen, human approach pen, and novel object pen were included where appropriate to account for possible environmental effects of pen.
Least squares means were estimated using the Mixed procedure in SAS to test the effect of TAS and RIS on economically important traits. The least squares means model included fixed effects of line, sex, TAS, and RIS. Fixed effect of pen was included where appropriate. Sire nested within line and dam nested within sire and line were included as random effects.
(Co)Variance Estimation. Because RIS is a categorical trait, it was analyzed using THRGIBBS1F90 (Misztal et al., 2002) , which implements a Gibbs sampler for mixed threshold-linear models involving multiple categorical and linear variables. An animal model was used including fixed effects of nursery pen and sex and the random common environment effect of litter. Heritabilities for all other traits were estimated with an animal model using the derivative-free maximum likelihood method (Boldman et al., 1993) . The model for TTS, TAS, and 1DW had a fixed effect of sex. All remaining traits included fixed effects of sex and pen. Maternal effect was included as a second animal effect for all traits. Heritabilities for all traits were estimated using a single-trait model. Genetic correlations of behavior with performance were estimated using a 2-trait model. Starting parameters were randomly assigned, and convergence criteria were carried to the ninth decimal. At least 5 cold restarts were done for each analysis to assure that a global maximum had been reached.
RESULTS

Repeatabilities
Repeatabilities of TTS, TAS, RIS, LAT, HAT, and NOT were 0.38, 0.21, 0.07, 0.08, 0.17, and 0.11, respectively. Dam and sire affected all behavior traits (P < 0.01), pen affected LAT, RIS, HAT, and NOT (P < 0.01), and sex affected LAT, RIS, HAT, and NOT (P < 0.10; Table 2 ).
Phenotypic Correlations
Based on multivariate linear modeling, TTS and TAS were phenotypically correlated (r = 0.61). Time taken until an attack occurred was phenotypically correlated with RIS (r = −0.85). The HAT and NOT were also correlated (r = 0.34). All other phenotypic correlations among behavioral traits did not differ from zero (Table  3) .
Total time struggling and TAS tended to be correlated with 21DW and ADG in the farrowing house (P < 0.05). Total attempts to struggle were also phenotypically correlated with BF (P < 0.05; Table 3 ). The main effect of TAS was only significant for BF (Table 4) . Pigs scoring a TAS of 8 tended to have greater amounts of BF than pigs scoring a TAS of less than 8. The main efGenetics, behavior, and performance in pigs fect of RIS was not significant for any production traits. Latency until attack was phenotypically correlated with LMA (r = 0.22). Resident intruder score tended to be correlated with ADG, BW, and LMA (P < 0.10). No other significant relationships between behavior traits and performance traits were present (Table 3) .
Heritabilities
Heritabilities for TTS and TAS, when analyzed using a single-trait model, were 0.49 and 0.54, respectively (Table 5) . When using TTS and TAS in a 2-trait model, the heritability of TTS decreases to 0.31, but the TAS heritability remains the same as the single trait estimate. The heritability estimates of time spent struggling during backtest period 1 and backtest period 2 analyzed separately were 0.38 and 0.40, respectively. The heritability of RIS was 0.12 with a 95% confidence interval of 0.03 to 0.18. All other behavior traits had heritability estimates that did not differ from zero. When included as a second animal effect, maternal effects were not significant for behavioral traits. Heritabilities of ADG in the farrowing house, ADG, 1DW, 21DW, W, BF, and LMA were also estimated. These heritabilities were 0.47, 0.30, 0.34, 0.70, 0.76, 0.57, and 0.53, respectively (Table 5) .
Genetic Correlations
Genetic correlations of TTS with BF, W, and TAS were 0.14, 0.18, and 0.81, respectively. Genetic correlations of TAS with ADG, BF, LMA, and BW were 0.38, −0.08, −0.03, and 0.38, respectively. All other genetic correlations among behavior traits or among behavior and performance traits were not different from 0.
DISCUSSION
As suggested by Olsson et al. (1999) and van Erpvan der Kooij et al. (2000) , pig behavior seems to be determined by a combination of genetic and environmental factors. Phenotypic relationships between be- 1 R 2 = R-squared value indicating goodness of fit for the model; sex = effect of sex; dam = maternal effect + litter environmental effect + 0.5 of the additive genetic effect; sire = sire effect + 0.5 of the additive genetic effect; nursery pen, human approach pen, and novel object pen = environmental effect of pen.
2 TTS = total time spent struggling; TAS = total number of struggle attempts; LAT = latency until an attack occurs; RIS = resident-intruder score; HAT = human approach test; NOT = novel object test. has not yet been determined (Janczak et al., 2003; van Erp-van der Kooij et al., 2003; Terlouw et al., 2005) . Previous researchers have suggested that some of the behavioral traits are heritable and may be genetically correlated with certain performance traits (van Erpvan der Kooij et al., 2000) . In the current study, 4 tests were evaluated in an effort to estimate heritabilities for those traits and to estimate the magnitude of the genetic correlations.
Tests chosen for this study were selected as indirect measures of different aspects of pig behavior. These tests were chosen because previous studies have reported estimates of relationships of them with performance (van Erp-van der Kooij et al., 2000 Kooij et al., , 2003 Terlouw et al., 2005) . Past research only involved 1 or 2 tests on a sample of pigs. This made it difficult to compare behavioral tests. This study is believed to be the first to use 4 behavioral tests with each test being performed twice on a single group of pigs.
In the past, efforts have been made to establish accommodations for pigs that will allow for maximum profitability. These accommodations have allowed some pigs to thrive, whereas others do not. This gives rise to the question of why certain pigs respond differently to a common environment. One reason for this difference in response could be the genetic makeup of the pig. Some pigs may have specific alleles that allow them to cope with their environment better than other pigs. When it comes to coping with stress, certain pigs may be genetically superior to others.
Repeatability for the backtest was similar to previous work done; however, estimates of repeatability for all other traits were less than those previously reported (van Erp-van der Kooij et al., 2000; Cassady, 2007) . A possible explanation for this is the population of pigs. Perhaps some populations react differently than others. The HAT repeatability may also depend heavily on amount of regular exposure to humans. Some personnel at the facility may interact more or less frequently with the pigs. This could influence response to the HAT. The NOT, LAT, and RIS were not repeatable. Due to the lack of repeatability in some of the traits, it was concluded that certain behavior traits may be classified as situation-specific and unpredictable.
Based on the phenotypic relationships of TTS and TAS with growth, it was concluded that the more often and longer a pig struggles, the slower the pig will grow. Backfat was influenced by TAS, which supports conclusions from previous studies on the relationship of the backtest with certain aspects of growth (Cassady, 2007) . Total time struggling and TAS have been associated with the resident-intruder test (Hessing et al., 1993; Ruis et al., 2000) ; however, results of the present study do not support that conclusion. Based on the lack of a relationship between the backtest and resident-intruder test, it was concluded that the 2 tests measure different aspects of pig behavior. The backtest measures the ability of the pig to cope with what may be perceived as a stressful situation, and the resident-intruder measures the aggression of the pig toward unfamiliar pigs. Total time struggling has also been associated with the HAT (Ruis et al., 2001 ), but again results from the present study do not support that conclusion. The association between HAT and NOT supports previous findings by van Erp-van der Kooij et al. (2002) that the amount of time a pig takes to approach something unfamiliar, whether it be a human or an object, is related. This relationship is demonstrated by the phenotypic correlation between the HAT and NOT.
The phenotypic relationship between LAT and RIS is misleading. There appears to be a negative relationship between the total time taken until an attack occurs and the total number of attacks; however, this relationship is likely a result of the testing process itself. In the Least squares means for TAS lacking a common superscript differ (P < 0.05).
1
For these data, TAS = 8 is a pool of TAS = 8, 9, 10, and 11. resident-intruder test, if a pig did not attack, it was given the maximum LAT and scored a 0 for RIS. This means that a pig that did not attack was still given a time taken until an attack occurred. The nonattacking pig was given a relatively greater time compared with those pigs that did attack. Because the majority of pigs did not attack and were given a maximum time, a relationship appears between LAT and RIS; however, the reliability of this relationship is questionable.
As shown by the phenotypic correlation between the resident-intruder test and BW, there seems to be a relationship between how aggressive a pig is and how quickly it grows. A negative relationship was found between RIS and W and between RIS and ADG. Thus, pigs that grew slower and weighed less were more likely to attack another pig. These pigs also exhibited smaller LMA. These relationships have positive implications and greatly affect any well-being concerns producers may have; however, these relationships are contradicted by Cassady (2007) , a study that yielded a positive relationship between RIS and growth. If pigs that are more aggressive toward each other grow slower and have less LMA, then there is no benefit to keeping them in a population. By culling these animals, overall production efficiency and well-being are improved. With less aggressive pigs in a population, the risk of pigs injuring one another is significantly reduced.
Regardless of how the backtest was broken down and analyzed, the estimated heritability was significantly different from zero. The presence of a strong genetic correlation between TTS and TAS suggests that the genetic factors for how long and how often a pig struggles are linked. Because the backtest appears to be influenced by genetic factors, response to selection for the backtest should be possible.
Assuming that the longer and more often a pig struggles indicates an inability to successfully cope with stress, there is an unfavorable genetic relationship between the backtest and BW. This genetic contribution may be outweighed by environmental factors because a favorable phenotypic relationship existed between the backtest and growth. Environment appears to play such a significant role in growth that what appears to be a genetic predisposition to favorable growth is outweighed by external, nongenetic factors. This environmental contribution is supported by significant pen effects.
The HAT and NOT were not heritable. The lack of heritability for these indirect measures of pig behavior is evidence that these traits are strongly influenced by, and possibly completely determined by, nongenetic factors. Significant pen effects support the idea that the environment is the deciding factor in how pigs score on these behavior tests; however, genetic contributions cannot be entirely ruled out. It is possible that nonadditive genetic effects influence how pigs score on the resident-intruder test, HAT, and NOT. If this is the case, then these indirect measures of behavior may need to be explored further or set aside all together. Future research should look at other measures of behavior. New tests may provide more insight into the contribution of genetics to pig behavior.
The lack of evidence for genetic factors influencing the score of a pig on the resident-intruder test, HAT, or NOT is an important step in understanding what influences pig behavior. It is quite possible that these 3 tests are completely controlled by environmental factors. Both TTS and TAS were heritable, which provides evidence for a genetic component in the coping behavior of a pig. This was an essential step in determining if pig behavior could be altered by direct genetic selection. In this study, the backtest was both repeatable and associated with economically important traits, possibly allowing for favorable selection in the ability of a pig to cope and its postweaning performance. An opportunity exists to modify pig behavior through genetic selection based on the backtest.
